The importation of malaria into a region where it is not endemic raises many concerns, including the timely delivery of appropriate care, safety of the blood supply, and the risk of autochthonous transmission. There is presently no consensus on the best way to screen mobile populations for malaria. Between August 2000 and March 2001, 535 refugees arrived in Quebec, Canada, from Tanzanian camps. Within 4 weeks of resettlement of the first group of 224, the McGill University Centre for Tropical Diseases noted an outbreak of malaria across the province (15 cases over a 3-week period). This group (group 1) was traced and screened for malaria between 3 and 4 months after arrival in Canada. Subsequent groups of 106 and 205 refugees were screened immediately upon arrival in Canada (group 2) and immediately prior to their departure from refugee camps (group 3), respectively. A single EDTA-blood sample was obtained from 521 refugees for testing by thick and thin blood smears (groups 1 and 2), antigen detection (ICT Malaria Pf and OptiMAL; group 1 only), and nested PCR (all groups). Overall, 98 of 521 refugees were found to be infected (18.8%). The vast majority of infections (81 of 98) were caused by Plasmodium falciparum alone. Using PCR as the "gold standard," both microscopy (sensitivity, 50%; specificity, 100%) and antigen detection (ICT sensitivity, 37.5%; ICT specificity, 100%; OptiMAL sensitivity, 29.1%; OptiMAL specificity, 95.6%) performed poorly. None of the PCR-positive subjects were symptomatic at the time of testing, and only two had recently had symptoms compatible with malaria (with or without diagnosis and treatment). Active surveillance of migrants from regions of intense malaria transmission can reduce the risk of morbidity in the migrant population and mitigate against transmission to the host population. Our data demonstrate that PCR is, by far, the most powerful tool for such surveillance.
In the first years of the third millennium, more than 45 million refugees have abandoned their homelands because of oppression, war, famine, and other disasters (47; http://www .refugees.org/world/statistics/wrs02_table3.htm). Malaria is one of the most common causes of serious morbidity and death among refugees and displaced persons (20, 46) . Malaria case reports are also increasing in many regions of the world that were previously free of disease (5, 23) . Infected refugees moving into areas with little or no disease activity (or immunity) can act as reservoirs and spark full-blown malaria epidemics (21, 22) . Refugees and other mobile populations can also take malaria parasites further afield. In recent years, many industrialized countries have reported increasing numbers of malaria cases in immigrant and refugee communities or in surveillance data with high fatality rates (15, 23, 28) .
In many developing-world settings, a presumptive diagnosis of malaria is based upon the presence of fever alone. While statistically justifiable in some regions, such an approach inevitably leads to the overuse of antimalarial drugs. Under ideal circumstances, the clinical suspicion of malaria would be confirmed by a laboratory test that is simple to perform, rapid, sensitive, specific, and inexpensive. At the present time, no such test exists. The most common test for malaria diagnosis remains the microscopic examination of Giemsa-or Fieldsstained blood smears. However, the examination of blood films requires technical expertise and the availability of a goodquality microscope. Microscopy is also time-consuming and has limited sensitivity when parasitemia is low. During the last decade, several new diagnostic methods for malaria have been developed, including antigen detection (e.g., OptiMAL and ICT) (24a), fluorescence-based assays (e.g., quantitative buffy coat) (26a), and PCR (39a, 42) . Each of these tests has strengths and weaknesses in terms of test parameters, cost, and technical complexity.
In August 2000, a charter flight brought 224 refugees from Tanzanian refugee camps to Mirabel airport just north of Montreal, Quebec, Canada. These refugees were immediately dispersed to smaller communities throughout the province to hasten their integration into Quebec society. Within 3 to 4 weeks of their resettlement, the McGill University Centre for Tropical Diseases (TDC), which acts as a reference center for the province, noted a striking increase in requests for confirmatory testing and assistance in treatment. There appeared to be an outbreak of malaria across the province (34a). Malaria parasites were identified in 15 blood smears (11 with Plasmodium falciparum, 2 with Plasmodium ovale, and 2 with mixed infection) from African refugees submitted to the TDC during first 6 weeks after their arrival. Parasitemias ranged from 0.3 to 7%. Six children had parasitemias of Ͼ3%, and one pregnancy was complicated by a diagnosis of P. falciparum. The arrival of this large group of refugees as well as several subsequent groups prompted us to compare the performances of available malaria tests for the screening of refugees.
MATERIALS AND METHODS
Study subjects. Three groups of refugees (a total of 535 individuals) from Tanzanian camps were screened for malaria. The majority were originally from Burundi (50.9%) and Rwanda (39%), but small numbers originated in Malawi, Tanzania, and the Congo. They were relatively young (mean age, 17 years; range, Ͻ1 month to 49 years), there were slightly more females than males (female/male ratio, 244:227), and most had been in refugee camps for at least 1 year (mean, 3.1 Ϯ 1.6 years; range, 1 to 7 years). Group 1 consisted of 224 refugees who arrived in August 2000 and who were immediately dispersed to communities throughout Quebec. These refugees were recontacted between 3 and 4 months after arrival, and blood was obtained from 210 (94%). At the time of screening, 15 (6.7%) of them had already been diagnosed with malaria during their brief period of residence in Canada (34a) . Group 2 consisted of 106 refugees who arrived in October 2000 and were screened immediately upon arrival. All 106 consented to providing a blood sample. Group 3 consisted of 205 refugees scheduled for travel to Canada in June 2001. As part of a treatment trial initiated by Canadian immigration authorities, a blood sample was obtained from these refugees in their camps on the day of departure for the airport. All were subsequently treated with mefloquine (adults, 500 g orally four times a day for 2 days; children, 20 mg/kg orally four times a day for 2 days). None of the subjects in groups 1 to 3 had symptoms compatible with malaria at the time that blood was obtained for screening. All PCR diagnostic tests were performed in a blinded fashion.
Samples. A single venous EDTA-blood sample was collected by venipuncture (for those Ͼ5 years of age), finger stick (for those Ͼ1 but Յ5 years of age), or heel stick (for those Յ1 year of age) from each individual. After thin and thick blood smears were prepared, a few drops (ϳ40 l/drop) of whole blood were spotted on Whatman no. 4 filter paper and left to air dry. The filter paper samples were stored at Ϫ20°C in sealed plastic bags containing silica gel until used. The remaining whole blood was frozen at Ϫ20°C until used for antigen detection. For blood obtained predeparture in Africa (group 3), only filter paper samples were obtained. These were hand carried by immigration personnel to Canada and delivered to the TDC laboratory.
Microscopic examination. Thick and thin smears were prepared for group 1 and 2 refugees. After all of the smears were air dried, the thin smears were fixed in methanol and both thick and thin smears were stained for 45 min in 1:6-diluted Giemsa stain (pH 7.2) (EM Science, Gibbstown, N.J.). The slides were then rinsed with tap water, air dried, and examined at an oil immersion magnification of ϫ100 by TDC technologists. Thick smears were interpreted as negative only after the entire smear was examined (maximum, 30 min). The percent parasitemia was calculated for the thin smear as total number of infected red blood cells (RBCs) in 100 fields/average number of RBCs per field ϫ 100 fields. In five cases where parasites were found only in the thick smears, the parasitemia was calculated from the total number of trophozoites per 100 white blood cells, and the percent parasitemia was based on a standard white cell count of 8,000/l and RBCs of 4,000,000 or 5,000,000/l depending on gender.
Antigen detection. The OptiMAL test (Flow Inc., Portland, Oreg.) detects parasite-specific lactate dehydrogenase (LDH) and can be used to detect both P. falciparum and Plasmodium vivax (36) . Each test was carried out with 10 l of frozen whole blood and was interpreted according to the manufacturer's instructions. In the OptiMAL test, there are two diagnostic zones containing different antibodies that recognize either P. falciparum alone (lower zone) or both P. falciparum and P. vivax (upper zone). The ICT Malaria Pf (ICT Diagnostics, Sydney, Australia) detects P. falciparum only, using monoclonal antibodies specific for PfHRP-2 antigen (37). This test was also performed according to the manufacturer's instructions with 10 l of frozen whole blood. Although both kits are designed for use with fresh blood samples, the manufacturers' instructions suggest that they perform equally well with frozen whole blood. Positive and negative control samples were included with each batch tested.
Nested PCR. (i) DNA extraction. Extraction of DNA for PCR was performed as previously described (9) . In brief, two 6-mm-diameter filter paper confetti were cut from each blood spot with a chromium-plated paper punch and eluted in 1 ml of double-distilled water for 30 min at room temperature. Between each sampling, the punch was sterilized above a Bunsen burner for ϳ3 s and two confetti were cut from a blank filter paper. After centrifugation (7,800 ϫ g for 10 min), the supernatant was discarded and 200 l of a 2% Chelex 100 (Bio-Rad, Hercules, Calif.) suspension was added to the pellet. The mixture was incubated at 56°C for 30 min and then boiled for 8 min. The sample was then vortexed for 2 min. After a final centrifugation (7,800 ϫ g for 5 min), the supernatant was either used immediately for PCR or stored in aliquots at Ϫ20°C.
(ii) Amplification and detection. A nested-PCR strategy based upon primers described by Snounou et al. (42) was used, with minor modifications to the P. ovale primers. This strategy targets sequences of the 18S ribosomal subunit genes of the four malaria parasites for amplification. The primer sequences and reaction conditions are outlined in Table 1 . The first amplification reaction used 10 l of the extracted DNA as the template for each PCR (final reaction volume, 50 l). The second amplification was accomplished by using 2 l of the first product as the DNA template for each PCR (final reaction volume, 20 l). Genomic DNA samples prepared from healthy individuals with no history of malaria were included as negative controls in all PCR assay runs. In order to prevent crosscontamination, different sets of pipettes and work areas were used for template 
RESULTS
Blood smear. Overall, a malaria infection was identified in 13.9% (44 of 316) of the refugees in groups 1 and 2 for whom smears were available. In group 1, malaria parasites were found in 24 of 210 smears (11.4%) ( Table 2 ). P. falciparum was identified in the large majority of cases (21 of 24 [87.5%]), while Plasmodium malariae and P. ovale were identified in 2 of 24 (8.3%) and 1 of 24 (4.2%) cases, respectively. No mixed infections were detected. In general, the level of P. falciparum parasitemia was low (mean, 0.023%; range, Ͻ0.001 to 0.1%). In group 2, malaria parasites were identified in 20 of 106 smears (18.8%). In these cases, only P. falciparum and P. vivax were identified in 19 of 20 (95%) and 1 of 20 (5%) subjects, respectively. Again, the level of parasitemia was quite low (mean, 0.005%; range, Ͻ0.001 to 0.04%). Six of these cases were identified with gametocytes only or very low numbers of trophozoites. As noted above, no blood smears were available for group 3.
Antigen detection. Antigen detection (group 1 samples only) identified a malaria infection in 9.3% of the subjects. Only 21 of 210 (10%) were positive by OptiMAL, and 18 of 210 (8.5%) were positive by ICT. If the PCR assay is considered the "gold standard," all of the infections identified by antigen detection were caused by P. falciparum.
PCR. Overall, PCR identified a malaria infection in 98 of 521 (18.8%) of the refugees screened. The large majority of these infections were caused by P. falciparum (81 with P. falciparum alone, 2 with P. vivax alone, 3 with P. ovale alone, and 12 mixed infections with P. falciparum and either P. vivax [3 infections]), P. ovale [4] , or P. malariae [5] ). The PCR prevalence rates in the three groups ranged from 10.7 to 26.4%. A total of 48 of 210 (22.8%) were infected in group 1 (37 with P. falciparum alone, 2 with P. vivax alone, and 9 mixed infections with P. falciparum with P. vivax [2] , P. ovale [3] , or P. malariae [4] ). In groups 2 and 3, 28 of 106 (26.4%) and 22 of 205 (10.7%) were found to harbor a malaria infection, respectively. Again the majority of infections were P. falciparum alone (44 of 50) in groups 2 and 3, but 3 P. ovale infections and 3 mixed infections were also identified ( Table 3) .
Comparison of the screening tests. Comparisons between assays were based only on samples from subjects with P. falciparum infection in group 1 for whom all four test results were available. All specimens that were positive by either smear or ICT antigen detection were also positive by PCR. As noted above, the OptiMAL test was positive for seven samples that were negative by all other assays. The PCR assay identified a substantial number of malaria infections that were missed either by smear (32 of 76), by both of the antigen detection tests (27 of 48), or by all three assays (24 samples).
There were also significant discrepancies between microscopy and antigen detection and between the two antigen detection kits. In particular, there was a surprisingly large number of smear-positive (mean parasitemia, 0.012%) but antigen-negative samples for both the OptiMAL (n ϭ 11) and ICT (n ϭ 10) tests (Table 4) . There was also a single case of an apparently false-positive smear (smear positive, PCR negative). Upon exhaustive review of the original smears, this apparent discrepancy was resolved in favor of the PCR result. With PCR as the gold standard assay, the sensitivities and specificities as well as the PPVs and NPVs of the other tests were calculated (Table 5) . Although the specificities of the tests were quite good (range, 95.6 to 100%), they all had unacceptably low sensitivities (range, 29.1 to 37.5%).
DISCUSSION
In Canada, the United States, and other developed countries, the importation of malaria by travelers, immigrants, and refugees is a significant and growing health problem (3, 5, 54) . In Canada, 6,670 cases of malaria were reported between 1985 and 1997 (3). In 1996 alone, more than 400 cases of malaria were reported in the province of Ontario (13), and countrywide reporting rates reached very high levels in 1997 (1,029 cases), coincident with increased P. vivax disease activity in South Asia (26) . Slightly more than 1,000 malaria cases are recorded each year in the United States, and 118 malariarelated deaths were reported between 1979 and 1998 (average of 6 deaths/year) (44) . The reasons for the almost threefoldhigher per capita rate of imported malaria reported in Canada compared with the United States are not yet understood (3) . Many other developed countries report similar experiences with imported malaria (33) , and this trend in malaria importation has important implications for clinical care, blood safety, and the possibility of autochthonous transmission of disease (33, 34) . At present, few developed countries have established protocols for screening travelers, immigrants, or refugees from regions where malaria is endemic, and most jurisdictions rely exclusively on questionnaire-based exclusion criteria to prevent transfusion-associated malaria. The screening of refugees from regions where malaria is endemic regions may be particularly important since high levels of transmission can occur in the suboptimal living conditions that these individuals frequently experience (43) . There is presently no consensus on the optimal protocol for screening such refugees, in part due to the absence of an "ideal" test.
Microscopy has traditionally been considered the gold standard test for malaria diagnosis. Under optimum conditions, microscopy can detect 20 to 50 parasites per l of blood (0.0004 to 0.001% parasitemia) (11) , but such sensitivity is rarely achieved under routine laboratory conditions. This is particularly true in the case of imported malaria, since the expertise of microscopists in countries where the disease is not endemic has been revealed as a major problem (7, 12) . The interpretation of a blood smear, particularly at low levels of parasitemia, requires considerable skill (48). Milne et al. found that more than 10% of the blood films submitted to the London-UK Malaria Reference Laboratory had been read as false negative (31) . More recently, it was found that 10 to 15% of laboratories in Quebec routinely misdiagnose quality assurance smears with low parasitemia, despite a 3-year, intensive effort to improve the diagnosis of malaria (E. Kokoskin, personal communication). Misdiagnoses can lead to inappropriate therapy or delays in diagnosis and treatment that have been implicated in malaria-associated deaths in developed countries (19) . Since none of the refugees in our study were symptomatic at the time that blood was obtained and almost all had lived for many years in refugee camps (i.e., areas with active malaria transmission), it was not surprising that microscopy detected Ͻ50% of those infected. The level of parasitemia was low in the large majority of the refugees tested (mean, 0.014%), and single trophozoites or gametocytes were the basis for the microscopic diagnosis for many subjects. Indeed, it is likely that the 15-to 30-min microscopic examination performed by the skilled technologists of the TDC in the present study actually overestimates the sensitivity of this technique when performed in most laboratories.
Low parasitemia has long been recognized as the Achille's heel of the commercial antigen detection kits as well. Initially reported to be ϳ90% sensitive for the diagnosis of falciparum malaria compared with microscopy (8, 39) , subsequent studies suggested that sensitivities at low (Ͻ0.002%) parasitemia could drop to as low as 11 to 40% (17, 40, 51) . It was therefore understandable that neither the OptiMAL (sensitivity, ϳ29.1%) nor the ICT (sensitivity, ϳ37.5%) kit performed particularly well as screening tools for the refugees in our study. Although the product monographs for both kits suggest that either fresh or frozen whole blood can be used, we do not know many cases of nonfalciparum malaria may therefore be misdiagnosed as malaria negative. Finally, there is evidence that some P. falciparum strains also lack the HRP2 gene and will therefore never give a positive result with this test (38) . With the PCR assay as the gold standard test, there were no falsepositive results with the ICT test in our hands. Although the OptiMAL kit is based upon monocloncal antibodies with specificities for both P. falciparum and P. vivax LDH enzymes, this test also performed poorly in our study population. First, very few P. vivax infections were identified in the refugees (n ϭ 5), and second, the OptiMAL kit yielded a positive (P. falciparum) signal in seven subjects who were negative by all other tests. Similar (presumed) false-positive results have been reported by Iqbal et al. (18) . The OptiMAL kit also missed two mixed P. falciparum-P. vivax infections, identifying only the P. falciparum component. Although the sensitivity of OptiMAL is known to decline sharply with the initiation of the treatment (32, 35) , almost all of the refugees in the present study denied recent antimalarial use. The poor performance of the antigen detection kit in our hands may reflect regional variations in the genetic determinants of parasite-specific LDH or quality assurance problems with these kits (29) . Most disturbing, there were important discrepancies between the smear and the antigen detection tests. The ICT and OptiMAL tests failed to detect malaria antigens in 10 and 11 smear-positive and PCRpositive cases, respectively. The PCR-based method was used as the reference standard due to its established sensitivity and specificity and its advantages over microscopy, particularly in cases with low-level parasitemia (17, 41) . It has been estimated that PCR can detect malaria infections with parasitemias as low as 5 parasites/l (0.0001% parasitemia) (52) . The capacity to establish a species-specific diagnosis and recognize mixed infections makes PCR a very attractive screening tool (16, 41, 45) . The nested-PCR approach used in the present study proved to be simple and highly reproducible. We did not compare PCR with fresh blood versus blood spotted on filter paper. However, the dried blood spot technique is far more practical: it is inexpensive, it is technically simple, and, once dried, the nucleic acids are stable over a wide range of temperatures and over time (4, 30) . Although the use of dried whole-blood spots on filter paper may result in a minor loss of sensitivity (K. Kain, personal communication), we feel that the advantages in collection, transport, and storage outweigh any slight loss in sensitivity. The ability to "project" this PCR-based test into the refugee camps was amply demonstrated by group 3. Although none of the PCR-positive refugees in our study were symptomatic at the time of the testing, all those in whom malaria parasites were identified were treated (i.e., received immediate therapy as well as primaquine for P. vivax and P. ovale infections after testing). While the treatment of nonfalciparum infections would be considered "standard of care" because of possible relapse, there is very little evidence on which to base a decision to treat (or not to treat) asymptomatic and presumably partially immune persons with low P. falciparum parasitemias. Whether or not such persons are likely to develop symptomatic disease at some point in the future is presently unknown.
While there is no evidence-based rationale to treat P. falciparum infections in these asymptomatic persons for their own benefit, there are several parasitologic and ecologic factors that lead to public health arguments in favor of treatment. The most important parasitologic factor is the fact that some Plasmodium species can either persist (P. malariae) or recrudesce (P. ovale and P. vivax) over prolonged periods of time. The degree to which P. falciparum persists in persons with some degree of immunity is presently unknown. Most blood banks in developed countries prevent immigrants or travelers from donating blood for 2 to 3 years after they leave an area where malaria is endemic. Such exclusions depend critically upon the truthfulness of the donor. Transfusion-associated cases of malaria have occurred in recent years in the European Community, Canada, and the United States (39, 50, 53) . The time period between the reported exposure to malaria and the donation of blood products that transmitted the infection varies from one report to another. Mungai et al. reported intervals of 44 years for P. malariae, 7 years for P. ovale, 5 years for P. falciparum, and 2.5 years for P. vivax infection (34) . The principal ecologic factor that favors treating asymptomatic subjects with P. falciparum is the fact that many regions of the world that are presently free of malaria nonetheless have a wide range of vector-competent mosquito species (e.g., Anopheles freeborni, Anopheles quadrimaculatus, Anopheles punctipennis, and Anopheles earlei in eastern and southern North America) (6, 25, 50, 53 ; http://www.nehc.med.navy.mil/downloads /nepmu2/canadaMFP-vrap.pdf). Although indigenous transmission of malaria has not recently been reported in Canada, malaria was endemic in most of southern Canada until early in the 20th century, and local spread following importation has repeatedly been reported in both the United States (2, 6, 24, 25, 27) and Europe (14, 23, 33) .
In this study, we confirmed that some refugee populations can have a very high prevalence of asymptomatic malaria infections (1, 10) . The risks associated with such infections apply primarily to the refugees themselves (e.g., possible development of disease) and, to an undefined extent, to their host populations (e.g., transfusion-associated malaria and autochthonous transmission). Standard microscopy and antigen detection performed poorly in our study, most likely because our partially immune subjects had very low parasite densities. These data raise important questions with regard to refugee and immigrant populations from regions where malaria is endemic. (i) Should health authorities screen and treat or treat without screening? (ii) Under what circumstances would mass treatment be acceptable? (iii) What screening tests should be used, and when should testing be performed relative to departure for the host country? Finally, if PCR is used to screen these populations, the health implications of a positive P. falciparum PCR in an otherwise asymptomatic subject need to be established. While the answers to some of these questions will require carefully designed studies, our research demonstrates that PCR can be a practical and effective surveillance tool for imported malaria.
